Abstract. The effects of a widely used herbicide, atrazine, on the freshwater cyanobacterium Synechococcus elongatus were studied. The cyanobacteria were exposed to varying concentrations of atrazine (0.025, 0.05, 0.1, 0.25, and 0.75 M) for 96 h. Different parameters such as growth, autofluorescence of chlorophyll a, pigment content, volume, and internal granularity of the cells were determined daily. Differences were detected between cultures with and cultures without atrazine for the parameters analyzed. Atrazine exposure induced the process of chlorosis in cyanobacterial cells, given that this herbicide has an effect on photosynthesis, chlorotic subpopulations having low values of chlorophyll a autofluorescence. More unpigmented subpopulations (chlorotic) appeared as the atrazine concentration increased and better growth rates resulted. Atrazine also induced changes in cell volume and internal granularity, these being most apparent after 48 h of exposure and in cultures with higher atrazine concentrations (0.25 and 0.75 M).
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Atrazine, 6-chloro-N 2 -ethyl-N 4 -isopropyl-1,3,5-triazine-2,4-diamine, is one of the most commonly used herbicides, applied to control the growth of grasses and weeds. Photosynthesis is the primary target in over 50% of commercial herbicides. Attacking this target is effective given that photosynthesis is the main system of energy production in most vegetal cells. Since atrazine is a triazine herbicide, its biochemical action involves displacing plastoquinone (Q B ) from its binding site with D1 protein in photosystem II (PS II) (Singh et al. 1997) , leading to an energy unbalance in affected vegetal cells, due to the inhibition of electron transport.
Given the wide use of these herbicides, they appear more and more in numerous freshwater systems at concentrations higher than those legally permitted, affecting nontarget photosynthetic organisms, including microalgae and cyanobacteria, which are at the base of trophic aquatic chains (Forrest 1990) .
Most microalgae are able to generate resting forms under stress conditions. It has been reported that cyanobacteria enter a new physiological state called chlorosis under conditions of nutrient deprivation. The chlorosis state consists of a low level of residual photosynthesis, in which both photosystems (PS I and PS II) gradually lose their activity, and chlorophyll and phycobiliproteins are degraded to reach a residual content (Sauer et al. 2001) .
In the present study, the process of chlorosis, provoked in a nonobligate photoautotrophic strain of the unicellular cyanobacterium Synechococcus elongatus exposed to the herbicide atrazine, was studied using flow cytometry-based methods, since these have been useful in other cytotoxicity studies in microalgae (Cid et al. 1995; Franqueira et al. 2000) .
Materials and Methods

Culture Conditions
Synechococcus elongatus (Nägeli) Nägeli (Cyanophyceae) taken from the Culture Collection of Algae and Protozoa (CCAP; Cumbria, UK; strain 1479/1A) was cultured in autoclaved Bristol medium (Brown et al. 1967) . Different atrazine concentrations (0.025, 0.05, 0.1, 0.25, 0.75 M) were assayed. Atrazine stock (500 M) was prepared by dissolving granulated herbicide (Riedel de Haën; MW 215.69) in pure methanol. All cultures were carried out in Pyrex glass bottles containing 400 ml of medium. Cultures without herbicide were included as a control.
Initial density of the cultures was 5 ϫ 10 6 cells ml Ϫ1 . Cultures were maintained at 18 Ϯ 1°C, illuminated with 68.25 mol photon m Ϫ2 s Ϫ1 , with a dark:light cycle of 12:12 h, and continuously aerated at a rate of 10 L min Ϫ1 , for 96 h. All experiments were carried out in duplicate.
Flow Cytometry Determinations
Signals of forward scatter (FSC), side scatter (SSC), and red fluorescence (fluorescence of chlorophyll a) were recorded daily in a Coulter Epics XL4 flow cytometer equipped with an argon-ion excitation laser (488 nm), detectors of forward and side scatter, and four fluorescence detectors corresponding to four wavelength intervals: FL1 (488 -550 nm), FL2 (550 -600 nm), FL3 (600 -645 nm), and FL4 (Ͼ645 nm).
Since the FSC signal can be correlated with the volume of a cell or particle, and the SSC signal with internal cell granularity (Shapiro Correspondence to: C. Herrero; email: herreroc@udc.es Arch. Environ. Contam. Toxicol. 46, 301-307 (2004) DOI: 10.1007/s00244-003-2149-z A R C H I V E S O F Environmental Contamination a n d Toxicology 1995), aliquots of microalgal cultures were analyzed by flow cytometry to study potential changes in cell volume and internal granularity.
Red fluorescence of chlorophyll a (FL4; 645-675 nm) was represented as histograms to separate nonphototrophic chlorotic subpopulations from phototrophic pigmented populations containing a normal chlorophyll a content, to allow the analysis of other parameters of both subpopulations separately. Data for autofluorescence were expressed as a percentage of the signal of control cells according to the equation of Reader et al. (1993) ,
where %I FL4 is the percentage of the autofluorescence signal of S. elongatus cells, I control FL4 is the mean of the autofluorescence signal of control cells, and I pesticide FL4 is the mean of the autofluorescence signal of atrazine-treated cells.
Growth Measurement
Growth of microalgal cultures with different atrazine concentrations was determined by counting culture aliquots
To exclude nonalgal particles, red fluorescence histograms were used as a gate. This gate does not exclude algal particles showing a low chlorophyll a content, like chlorotic cells, because these forms maintain a residual photosynthesis level detectable by flow cytometry. Growth of subpopulations with a normal chlorophyll content (phototrophic subpopulation) and chlorotic subpopulations (nonphototrophic subpopulation) were analyzed separately, due to the differences in the red fluorescence, detectable by flow cytometry.
Growth rate, expressed as doublings day Ϫ1 , was calculated using the following formula:
where N is the cell density at time t and N 0 is the cell density at time 0.
Growth data were fitted by a nonlinear regression with the Wizard regression of Sigma-Plot software.
Determination of Pigment Content
Contents of chlorophyll a, carotenoids, and phycobiliproteins after 48 and 96 h of culture were determined using a Shimadzu UV-160 spectrophotometer. For chlorophyll a and carotenoids, cells were collected by centrifugation and pigments extracted in pure methanol (100%). For better extraction, cyanobacterial cell suspensions were sonicated with short pulses of ultrasounds at 4°C in the dark. All determinations were carried out in triplicate. Equations used to calculate the concentrations of these pigments were those proposed by Sukenik et al. (1988) .
The method for phycobiliprotein extraction described by Betancourt (1997) was improved. Cells were collected by centrifugation and resuspended in a CaCl 2 (20 g L Ϫ1 ) solution. For better extraction, cells were successively frozen at Ϫ80°C and thawed at 40°C four times and sonicated with short pulses of ultrasounds in darkness for 1 min. Phycocyanin and alophycocyanin concentrations were calculated using the equations of Siegelman and Kycia (1978) .
Statistical analysis of data was by one-way analysis of variance (ANOVA), and when significant differences were observed, the means were compared by multiple-range Duncan test, at a significance level of 0.05 (p Ͻ 0.05).
Results
Chlorophyll a Fluorescence
All cultures exposed to the herbicide developed chlorotic populations, which were more abundant as the herbicide concentration increased, these becoming the main population at the highest concentrations assayed, 0.25 and 0.75 M (Table 1) .
After 48 h of atrazine exposure, pigmented cells in cultures with the lower concentrations of atrazine assayed (0.025-0.1 M) showed autofluorescence values similar to those of control cells, whereas pigmented cells in cultures exposed to the higher concentrations (0.25 and 0.75 M) presented higher values, 115.96 and 138.53%, respectively (Table 2) . However, after 96 h, pigmented cells in all cultures treated with atrazine presented autofluorescence values about 50% lower than those of control cells ( Table 2) .
Autofluorescence of chlorotic cells presented basal values for all cultures where they appeared (Fig. 1) .
Growth
Atrazine affected the growth of the freshwater cyanobacterium Synechococcus elongatus at all concentrations assayed (Table  3) .
More chlorotic subpopulations were detected in atrazinetreated cultures than in control cultures (Table 1) . The percentage of chlorotic cells increased as the atrazine concentration increased, reaching values of 47.12 and 88.95% of the total cyanobacterial population in cultures of S. elongatus exposed to 0.25 and 0.75 M, respectively, after 96 h (Table 1) . In cultures with atrazine concentrations of 0.025 to 0.1 M, the percentage of chlorotic cells did not surpass 4.93% after 48 h of atrazine exposure, and 8.52% after 96 h (Table 1) . Chlorotic cells showed higher growth rates than pigmented cells in all cultures with atrazine (Table 3) . After 48 h of herbicide exposure, maximum growth rates were observed for chlorotic cells in cultures of 0.025 M atrazine. After 96 h of atrazine exposure, maximum growth rate (2.90 doublings day Ϫ1 ) for chlorotic cells was observed in cultures with the highest herbicide concentration assayed (0.75 M) (Table 3 ). Higher growth rates for chlorotic cells were only found in cultures with higher atrazine concentrations (0.25 and 0.75 M), where the chlorotic subpopulation was the main population after 96 h of herbicide exposure (Table 3) .
Minimum growth rate in pigmented cells was observed at the highest atrazine concentration assayed, 0.75 M (Table 3) .
After 48 h of atrazine exposure, the lowest atrazine concentration (0.025 M) assayed did not provoke significant differences in growth rate of pigmented cells (1.24 doublings day Ϫ1 ) with respect to cells in control cultures (1.23 doublings day Ϫ1 ); however, differences were observed after 96 h of atrazine exposure when the growth rate of these cells (0.75 doublings day Ϫ1 ) was lower than that observed in control cultures (0.85 doublings day Ϫ1 ) (Table 3 ). In the remaining cultures exposed to higher atrazine concentrations (0.05-0.75 M), pigmented cells showed significant differences, with lower growth rates than cells in control cultures (p Ͻ 0.05) (Table 3) , after 48 and 96 h of atrazine exposure.
